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Abstract 
The epididymis which is part of the male reproductive system plays a vital 
role by providing an optimal microenvironment for maturation and storage of 
spermatozoa. The microenvironment is maintained by the transport of electrolyte and 
fluid across the epididymal epithelium. It is therefore important to understand the 
physiology of the electrolyte secretion by the epididymis. 
The present study investigated the mechanisms of electrolyte secretion and 
volume regulation in the human and rat epididymis. The signal transduction pathways 
involved and the properties of electrical conductances regulated by the different 
pathways were studied using the whole-cell patch-clamp method. 
In human and rat epididymal cells, adrenaline induced a CI" conductance via 
the classical B-adrenoceptor pathway, viz. B-adrenoceptor-Gs protein - adenylate 
cyclase - cyclicAMP - protein kinase A. In addition to the cAMP-activated Cl" 
conductance, two other conductive pathways for chloride were identified, namely the 
ionomycin-stimulated CI" conductance and the hypo-osmotic swelling-induced Cl" 
conductance. All three pathways had distinct characteristics. The cAMP-stimulated 
CI" conductance was independent of time and voltage and showed a linear current-
voltage relationship. The anion permeselectivity was NO3- > Br > CI" « I- » 
SO42+. The ionomycin-stimulated Cl_ conductance showed marked time and 
voltage dependence. The anion permeselectivity of the ionomycin-stimulated Cl" 
conductance was I" > B r - NO3- > CI" » SO42+. The hypo-osmotic swelling 
induced CI" conductance also showed a time and voltage dependence and the anion 
permeselectivity was I" « NO3- « Br— > CI" > Mes". 
All three types of chloride conductances form an integral part of an exocrine 
system which may serves to provide an optimal microenvironment for sperm 
maturation and storage. v 
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Chapter I Introduction 
I . l Structure and functions of epididymis 
The epididymis which is next to the testis forms an important and 
indispensable part of the male reproductive system. The organ is a single but highly 
convoluted duct that can be roughly divided into the caput (head), the corpus (body) 
and the cauda (tail) epididymidis (Fig I.l) (Robaire and Hermo, 1988). The 
epithelium lining the duct is composed of various cell types. They are the principal, 
apical, basal, clear and halo cells (Reid and Cleland, 1957; Sun & Flinkinger，1979). 
The principal cells are the most abundant cell type. 
The epididymal epithelium has many functional and structural similarities to 
that of the kidney. For example, the increased surface area of the membrane by 
lateral infoldings and extensive apical microvilli in the principal cells assists in the 
effective removal of water (Hinton and Turner, 1988) and secretion of exogenous 
drugs into the lumen (Qiu and Wong, 1985). The latter function is demonstrated by 
experiments which showed the accumulation of para-aminohippurate and some 
sulfonamide compounds in the epididymal fluid (Wong, Lau and Fu, 1987). The 
epididymis is also able to secrete into its lumen electrolytes, proteins and organic 
molecules such as carnitine, choline, inositol and glycerylphosphorylcholine (Cooper 
1986). These organic compounds may be critical for the survival of both the 
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Fig 1.1 
The structure of male reproductive system of rat. Region 1: caput, Region 2: corpus. 
Region 3 and 4: cauda. 
0 
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Spermatoza produced in the testis are immature and incapable of fertilizing 
ova. The epididymal epithelium provides an optimal microenvoirnment for the 
transport, concentration, maturation, storage and acquisition of fertilizing capacity of 
the spermatozoa (Turner, 1979). 
This epididymal microevoirnment is provided by the secretory and absorptive 
functions of the epithelium. Under normal conditions, the epididymis is responsible 
for the absorption of large volume of fluid which is continuously entering from the 
rete testis. This process which is driven by active Na+ reabsorption results in the 
concentration of spermatozoa. Under other conditions, the epithelium can secrete 
fluid by active transport of anions or CI". Evidence that the epididymis secretes 
electrolyte and water have been derived from CI" flux measurement in intact 
epididymis and short-circuits current measurement using cultured epididymal cell 
grown on permeable supports (Cuthbert and Wong, 1986 ； Wong, 1988). 
1.2 Cellular mechanism for electrolyte secretion 
The cellular mechanism for transepithelial anion secretion in the epididymis is 
schematically shown in Fig 1.2. The model is based on the use of pharmacological 
agents that are known to inhibit individual transport proteins. (Wong, 1988). 
According to the model, secretion is mediated by three basolateral membrane 
carriers, viz, the Na+/K+/2C1- symport, the Na+/H+ antiport and the CI/HCO3-
exchanger. The Na/K ATPase pumps out the sodium ion that have entered the cell 
across the basolateral membrane thereby maintaining a low intracellular Na+ 
concentration. The basolateral K+ channels allow exit of K+ which have been taken 
into the cell through the Na+/K+/2C1_ symport. A Na+/H+ antiport and the 
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Fig 1.2 
Cellular mechanism for transepithelial anion secretion in epididymis. 
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C1/HC03" exchanger are also found to be present in the basolateral membrane 
(Wong, 1988). What these transport proteins achieve is the accumulation of Cl_ and 
HCO3- inside the cell to activities above the electrochemical equilibrium. When the 
cells are stimulated by secretory agonists, CI and HCO3- diffuse out of the cell 
through the activated anion conductances in the apical membrane (Wong, 1988). The 
secretory agonists that have been studied extensively to date are the adrenergic 
agoinists and peptide hormones. The effect of adrenaline is shown to be mediated by 
B-adrenergic receptors involving mainly cAMP as the second messenger (Wong and 
Huang, 1990). 
L3 Second-messenger mechanisms of chloride secretion in epididymis 
The binding of agonists to specific receptors on epididymal cells activates 
secretory responses via second messengers. In most secretory epithelia, anion 
secretion is induced by an increase in intracellular cAMP and/or cytosolic Ca2+ 
(Anderson and Welsh, 1991; Cliff and Frizzell, 1990; Donowitz and Welsh, 1986). 
Cyclic AMP pathway 
Agonists bind to B receptors activate the adenlyate cyclase through a guanine 
nucleotide binding protein (Gs protein) which catalyses the conversion of ATP to 
cAMP (Levitzki, 1988). The increase in intracellular cAMP activates protein kinase 
A (pKA) which in turn opens the apical CI" channels by phosphorylation. This 
pathway is schematically illustrated in Fig 1.3. 
5 
Ca2+ as second messenger 
Agonists bind to adrenergic receptors (Exton, 1985) activates phopholipase C 
through a G protein that initiates the conversion of phosphatidylinositol-4,5-
biphphosphate (PIP2) to inositol 1,4,5-triphosphate (IP3) and diacylglycerol (DG). 
I P 3 binds to specific receptors on the membrane of internal Ca2+ stores and releases 
Ca2+ ions into the cytoplasm. Increasing intracellular Ca2+ by Ca2+ ionophores has 
been shown to stimulate chloride secretion in the rat epididymis (Wong 1988). DG 
activates protein kinase C which has also been shown to activate CI" secretion in the 
rat epididymis (Wong, 1988). This pathway is schematically illustrated in Fig I. 4. 
Pathophysiology of electrolyte transport in the epididymis 
Under normal conditions, a balanced interplay of fluid absorption and 
secretion provides an optimal microenvironment for sperm. Under pathological 
conditions, decrease secretion of chloride and water reduces the water content of the 
lumen. The accumulation of mucus without water results in the blockage of the 
epididymal lumen with inspissated material. This phenomenon is seen in patients 
with Young's Syndrome and Cystic Fibrosis (CF) where cAMP fails to open the 
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The cAMP pathway of signal transduction mechanism. G: G protein, AC: Adenlyate 
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The phosphoinositides/Ca2+ pathway of signal transduction mechanism. G: G 
protein, PLC: Phospholipase C, DG: Diacylglycerol, PKC: Protein Kinase C. 
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Objectives of the study 
The present study was carried out to investigate the role of ion conductive 
pathways in electrolyte secretion and volume regulation by the epididymal cells. This 
was accomplished by studying the membrane conductance changes using the whole-
cell tight-seal patch-clamp method on cultured rat and human epididymal cells. It 
was hoped to gain an understanding of the underlying mechanism of fluid secretion 
and volume regulation by the epididymis at the membrane level which would offer an 
opportunity for therapeutic intervention of male infertility. 
9 
Chapter I I . Materials and Methods 
n . l Materials 
II.1.1 Culture media and enzyme 
Trypsin (type II), collagenase (type I), elastase, hyaluronidase, 5a-
dihydrotestosterone, sodium pyruvate, sodium bicarbonate, Hank's balanced salt 
solution (HBSS), penicillin/streptomycin were supplied by Sigma Chemical co.，St. 
Louis, MO, USA. 
Eagles's minimum essential medium and fetal bovine serum were purchased 
from Gibco Laboratories, New York, USA. 
Non-essential amino acids were from Flow Laboratories, Virginia, USA. 
11.1.2. Drugs 
The following drugs were from Sigma St. Louis, MO, USA: 4，4,-
Diisothiocyanatostilbene-2,2'-disulfonic acid (DIDS)，8-(4-chlorophenylthio)-cAMP 
(CPT-cAMP), propranolol, phentolamine, protein kinase -A inhibitor (P-3294), 5'-
0-(s-thiodiphophate)(GDPBS). 
Adrenaline was from David Bull Laboratories, Victoria, Australia; salbutamol 
from Glaxo, Greenford, England; diphenylamino-2-carboxylate (DPC) from Riedel-
de Haen Chemicals, Germany; H-8, forskolin and ionomycin from Calbiochem, CA， 
10 
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USA. 5-Nitro-2-(3-phenylpropylamino)-benzoate (NPPB) was a gift from Professor 
R. Greger, Germany. 
II.IJ Chemicals 
Potassium chloride, sodium chloride, calcium chloride, magnesium sulphate 
and sodium dihydrogen phosphate were obtained from Merck, Darmstadt, Germany. 
Sodium gluconate and potassium gluconate from BDH chemicals Ltd., Poole, 
England. 
The following chemicals were purchased from Sigma St. Louis, MO, USA: 
sodium bicarbonate, glucose, mannitol, glutamic acid, N-methyl-D-glucamine 
(NMDG), calcium gluconate, N-2-hydroxethylpiperazine-N'-2-ethanessulfonic acid 
(HEPES), ethylene glycol-bis(6-aminoethylether)-N,N,N',N'-tetraacetic acid (EGTA), 
calcium carbonate, bis (0-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid (BAPTA) 
and all other chemicals unless otherwise stated. 
ILIA. Animals and human tissue 
Male Sprague-Dawley rats were supplied from the Animal House, The 
Chinese University of Hong Kong. 
Human epididymides were obtained from prostatic cancer patients undergoing 
orchidectomy at the Urology Unit of the Department of Surgery, The Chinese 
University of Hong Kong, Prince of Wales Hospital，Shatin. 
11 
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112 Preparation of solutions 
The compositions of the solutions used for patch-clamp studies were listed in 
Table 11.1. 
The free Ca2+ level was maintained by using mixtures of Ca2+ and EGTA in 
appropriate proportions (Miller and Smith ,1984) 
n.3. Preparation of cultured cells 
11.3 .1 Culture of rat epididymal epithelial cells 
With the introduction of cell culture technique for the rat epididymis 
(Kierzenbaum, Lea, Peterusz, French and Tres, 1981, Byers, Hadley, Djakiew and 
Dym, 1986)，rat and human epididymal epithelial cells have been successfully grown 
in culture based on the consecutive use of two proteolytic enzymes, trypsin and 
collagenase (Cuthbert and Wong 1986; Wong 1988). 
The procedures for isolation and culture of rat epididymal epithelial cells were 
summarized in Fig ILL Sexually immature male Spragiie-Dawley rats (40 days old) 
weighing from 210g to 230g were killed by a blow to the head followed by cervical 
dislocation. At this age the rat epididymides were devoid of spermatozoa and were 
found to be most suitable for culture since spermatozoa have been found to lengthen 
the time required for the attachment of the epididymal epithelial cells. An incision 
was made in the lower abdomen near the scrotum and the reproductive organs were 
dissected out quickly and immersed in sterile Hank's balanced salt solution (HBSS). 
12 
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Table II. 1 Composition of solutions (mM) in whole-cell recordings 
A. For human epididymal cell. 
Pipette(A) Pipette(B) Bath(A) Bath (B) Bath(C) 
KCl 135 15 - 135 -
K-gluconate - 120 - _ “ 
NaCl - - 135 - ^^ 
Na2S04 , 
MgCl2 1 1 1 1 
Na2HP04 1.2 1.2 1.2 1.2 1.2 
K-HEPES 10 10 - - 10 
Na-HEPES - - 10 10 lU 
EGTA 2.5 2.5 - - -
CaCl2 1.25 1.25 
Glucose 11 11 \\ W 
pH 7.2 7.2 7.4 7.4 7.4 
B. For rat epididymal cell (Ca2+ and cAMP studies) 
Pipette(A) Pipette(B) Pipette(C) Bath (A) Bath(B) 
KCl 135 - 擺 5 -
NaCl - - , “ 丄 
NMDGCl - 135 - - 广 
MgCl2 1 1 ；. 1 9 
Na2Hro4 1.2 丨 。 2 。2 12 
HEPES 10 10^  10 川 
EGTA 2.5 2.5 f -
CaCl2 丨 f S f 1 1 i l 
紫 cose A 7.4 7.4 
B. For rat epididymal cell (Swelling study) 
Pipette(A) Pipette(B) Bath(A) Bath(B) Bath(C) 
NMDGCl 70 5 70 5 30 
NMDG-glutamate 38 ？：) - 1 1 
MgS04 1 I . \ 9 1 2 1.2 
Na2HP04 1^ 2 12 12 ^^ 
HEPES 10 三 2 lu _ . 
EGTA 20 20 - 1 i 
CaCl2 - 130 260 210 
Mannitol - ^ 16 16 16 
Glucose f 74 7.4 7.4 
pH 7.2 I 丄 
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The caudal epididymides were freed from fat and connective tissues in sterile 
conditions inside a vertical laminar flow cabinet (Gelaire, Flow Lab., Scotland, UK. 
Model BSB-4) and minced into small pieces with a pair of curved iris scissors 
(Tekno-medical SattlerstraBe, Germany). The tissues were transferred to a 25 cm^ 
culture flask (Falcon, Becton Dickinson Labware, New York，USA) containing 
0.25% trypsin (w/v) in 10 ml HBSS and incubated for 30 minutes at 32^0 in a 
thermo-bath shaker (Julabo, Germany) with shaking speed of 160 strokes per minute. 
After the first enzyme treatment, the tissues were collected by centrifugation at 800g 
for 5 minutes. The supernatant was discarded and the pellet was resuspended in 10 
ml HBSS containing 1 mg/ml collagenase (equivalent to 330 units per mg of solid). 
The tissues were incubated for 60 minutes at 32^C with shaking speed of 160 strokes 
per minute. Isolated cells were then separated by centrifugation at 800g for 5 
minutes. The pellet was resuspended in 4 ml Eagle's minimum essential medium 
(EMEM) containing nonessential amino acids (O.lmM), sodium pyruvate (1 mM), L-
glutamate (4 mM), 5a-dihydrotestosterone (1 nM), 10 % fetal bovine serum, 
penicillin (100 lU/ml), and streptomycin (100 |ig/ml). The cell suspension was 
allowed to settle for 6 hours in culture flask and incubated at 32^C in 5 % carbon 
dioxide. During this period, non-epithelial cells such as fibroblasts and smooth cells 
attach very rapidly on the flask while most of the epithelial cells' aggregates 
remained in the suspension. The suspension was harvested after the incubation period 
and 0.1ml seeded onto sterile glass coverslips placed in the 35 mm petri dishes with 2 
ml completed culture medium. The cell concentration was about 10^ per ml. The 
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experiments were performed on cells 3 to 5 days in culture. Confluency was usually 
reached at this stage (Plate 1). 
II3 2 Culture of human epididymal epithelial cells 
Human epididymal epithelial cells were isolated using high concentration of 
collagenase, hyaluronidase and elastase (Cooper，Yeung，Meyer and Schulze, 1990). 
Elastase was used as human epididymis contains a lot of elastic tissues. When low 
concentrations of enzymes were used, epithelial fragments tended to adhere to the 
connective tissue and were prevented from attachment. 
The procedures for isolation and culture of human epididymal epithelial cells 
were those described by Cooper with slight modification and were summarized in Fig 
II.2. Human epididymides were transported on ice from the hospital to the 
laboratory within 30 minutes. The capsule of the epididymis was removed and the 
tubules were separated from the connective tissues with a pair of fine watch-maker 
forceps under a stereo dissecting microscope (Kyowa, Model SZM, Japan). The 
tubules were freed carefully to avoid damage and immersed in 10 ml Hank's 
balanced salt solution (HBSS) containing 80 mg collagenase (Type I) (equivalent to 
24000U) and 0.5 mg elastase (equivalent to 38.4U) and incubated for 15 minutes at 
370c with shaking speed of 120 strokes per minutes. In some case the tubules were 
incubated overnight at The tubules were placed onto a petri dish and freed again 
after the incubation period. The process was repeated with fresh enzyme's solution 
until the tubules were completely freed from connective tissue and blood vessels. 
The isolated tubules were then minced with a pair of iris scissors and were 
16 
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transferred into a flask containing 24000 U collagenase and 3125 U hyaluronidase in 
10 ml HBSS, The suspension was incubated for 45 minutes at 37^0 with shaking 
speed of 120 to 150 strokes per minutes. After the incubation, the cells were 
centrifuged at 800 g for 5 minutes and the pellet was resuspended in fresh enzymes' 
solutions and incubated for addition 45 minute. The cells were then washed once 
with Eagle's minimal essential medium and finally suspended in the same medium 
used for rat epididymal culture. The cells were plated onto coverslips that were 
sterilized by alcohol and flamed to dry before placing in a 35 mm petri dish. The cell 
concentration was about 10^ per ml. The cells were fed daily after 5 days in culture. 
Most of the experiments were performed on cells 10 to 15 days in culture. The 
morphology of the cultured cells was shown in plate 1. The low cuboidal cells spread 
out from the epithelial fragments to form a monolayer or colonies. Most of the cells 
were of epithelioid shape, although occasionally interspersed between colonies were 
the other more elongated cells. These cells were not chosen for patch clamp study. 
18 
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Plate 1 
Phase-contrast photomicrograph of the cellular monolayers from (a) human corpus 
epididymidis in 10 days culture (x 100) and (b) rat cauda epididymidis in 4 days 







II.4. Patch-Clamp technique 
The technique was introduced in 1976 by two Nobel laureates, Erwin Neher 
and Bert Sakmann. It was refined in 1981 by the same group (Hamill, Marty, Neher, 
Sakmann and Sigworth 1981). In brief, the technique involves the electrical isolation 
of a small section of plasma membrane using glass micropipettes. This is 
accomplished by pressing the micropipette against the cell surface until a high-
resistance seal (GQ) is established between the membrane and the wall of the 
micropipette (cell-attached configuration) making low conductance channels 
measurable. The mechanical stability of the seal allows the entire patch to be ripped 
off the cell intact (inside-out configuration). The channels can then be studied in a 
cell-free situation in which the composition of the cytoplasmic side is easily 
manipulated. The patch can also be broken or perforated while maintaining the seal 
intact (whole-cell configuration). This permits the overall conductance properties of 
the cell to be studied under voltage-clamp conditions. The different configurations 
are illustrated in Fig. II.3. 
In this study, the whole-cell configuration was used. To perform a whole-cell 
recording, a patch pipette was polished and filled with low-Ca2+ solution. The 
pipette was pressed against the cell membrane until a tight-seal with resistance of 
gigaohm was established. A pulse of suction was then applied until the membrane in 
contact with pipette tip was broken. This would cause an increase in capacitive 
transients which reflected the contribution of the cell membrane to the pipette input 
capacitance following the destruction of the patch membrane. The pipette solution 
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interior be manipulated. The following sections describe some of the requirements 
of the patch-clamp setup. 
Electrode 
Patch pipettes, made from borosilicate glass (Vitrex, Modulohm I/S), were 
pulled in a two-stage vertical pipette puller (David Kopf or Sutter instruments). They 
were coated with Sylgard 184 (Dow Corning) and were fire polished with an 
integrated coater-polisher (L/M-CPZ 101，List-Electronic). Sylgard Coating is not 
essential but useful for capacitance transient cancellation. The pipettes have an 
internal diameter of 3 [im (when filled with 140 mM KCl) and when immersed in 140 
mM NaCl exhibited a resistance of 5-10 Mega Ohm. The reference Ag-AgCl 
electrode was connected to the bath via an agar bridge filled with 140 mM NaCl. 
Pulling of electrode 
The pipettes were pulled in two stages as illustrated in Fig. II.4. The puller 
used was from David Kopf instruments (model 750). This puller held the glass 
capillary in position with a fixed clamp and a sliding clamp. Stops for the primary 
pull involve a machined collar of appropriate length, which was slipped around the 
main sliding shaft. The heater current tended to drift with time and was not 
presettable. In later experiments, the electrodes were pulled by Sutter P87 puller. 
This model was found to be more satisfactory than the David Kopf model. 
Coating of electrode 
Electrodes were coated at their tips to reduce capacitance hence background 
noise. Coating with Sylgard resin (Sylgard 184 silicone elastomer kit, Dow Corning 
23 
Corp., Mich., USA), a hydrophobic surface, increases the outside diameter and 
reduces the capacitance per unit length. Sylgard resin was chosen to coat the pipette 
mainly because it is non-toxic, inert, easy to apply and quick to dry. It has a low 
dielectric constant, so less material is needed. It is hydrophobic and wets well to 
glass. It was prepared by mixing the resin and curing agent in 10:1 (w/w) proportion. 
The mixture was well mixed and dispensed in 1.5 ml plastic centrifuge tubes. The 
mixture could last for a few weeks when stored at -20 Sylgard was applied to the 
electrode by a syringe needle. The coating process was performed on an integrated 
coater/polisher (List-Electronic Inc., Pfungstaedter StraBe 18-20, D-6100 Darmstadt 
/Eberstadt, West Germany. Model L/M-CPZ-101). The pipette was mounted in the 
pipette holder and a drop of premixed Sylgard was applied to the pipette. The pipette 
was coated starting about a few mm behind the tip. The needle was then moved 
smoothly towards the tip pulling a film of Sylgard with it and stopped when the film 
of Sylgard was about 200|im away from the tip. The Sylgard was then distributed 
evenly over the coating region with the same syringe needle. To dry the Sylgard, a jet 
of hot air was blown over the region. 
Polishing of the electrode 
Electrodes were polished to create a smooth tip, which was important to 
obtain a high resistant seal because a rough surface would damage the membrane. 
The heating process burns off any dirt or Sylgard film to provide a clean pipette tip. 
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Fig.IL4 
The preparation of pipette. 
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Both coating and polishing were performed with an integrated coater/polisher. The 
electrodes were held on the microscope stage and brought close to the V-shaped 
platinum heating filaments. Heating was applied for a few seconds until the tip of the 
electrode fused in and the rim slightly darkened. 
Filling of the electrodes 
The electrodes were filled by first immersing the pipette tip in the buffer for 
about 10 seconds so that the tip was filled by capillary action and then back-filled 
with the same buffer using a polythene tubing until the level was about 1.5 cm above 
the tip. A syringe filter (pore size 0.2 |im) was inserted between syringe and the 
polyethylene tubing to provide a clean pipette solution. Metal needle is not suitable as 
it turns acidic by the EGTA contained in the pipette solution. This filling procedure 
usually left a bubble in the shank of the pipette which was easily removed by tapping 
the electrode. The removal of bubbles was necessary for 3 reasons: First, the 
existence of bubble reduces the ability to control suction on the membrane. Second, 
the bubble increases electrode resistance. Third, seals obtained with a bubble in the 
electrode have excessive noise. 
Mounting of Electrode to the Headstage Pipette Holder 
The electrode was inserted onto a pipette holder (Fig. 11.5) which was 
mounted to the Headstage preamplifier connected to the Axopatch-ID or Axopatch-
200 Patch Clamp Amplifier (Axon Instruments, California, USA). The pipette must 
be held in position securely because a loose pipette mounting could result in pipette 
sliding off when pressure was applied to the interior of the pipette. 
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The experimental set-up of patch clamp. 
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The deposition of salt and water from the pipette solution would generate 
noise in the system. The pipette holder, the Ag-AgCl electrode and the suction tubing 
were washed with warm distilled water and ethanol weekly. In order to prevent the 
drifting of the signals during recording, the pipette Ag-AgCl electrode and the 
earthing Ag-AgCl electrode were immersed in a bath of NaCl buffer after the end of 
each experiment. This avoided the setting up of intrinsic potential difference 
between the two electrodes. 
Electrical Isolation 
A Faraday cage was used to shield the microscope and chamber from line 
frequency noise from lights and power sockets, and high frequency noise from 
computers. In order to cut down the noise further, another smaller copper mesh 
Faraday cage was mounted onto the stage of the microscope where the headstage 
amplifier was placed. Solution-filled perfusion tubing entering the bath may act as an 
antenna and pick up radiated noise and shielding of the tubing was required. 
Vibration Isolation 
The anti-vibration table was constructed with a heavy concrete slab resting on 
a number of tennis balls. However, a well designed micromanuipulator is more 
important to reduce vibration. The movement arm from the tip of the electrode, 
through the body of the manipulator, to the cell in the chamber, should be as short as 
possible to minimize vibration. 
Formation of "Giga-seal" and Whole-cell configuration 
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The rat epididymal cells were used after 2-4 days in culture and the human 
epididymal cells were used after 10 days in culture. Prior to use, the cells were 
immersed in bath NaCl solution containing 120 nM free for 10 min. After this 
period, the cells dissociated from each other and were used for whole-cell 
measurement. During the experiment, the cells were immersed in bath solution 
containing ImM Experiments were performed at room temperature or at 32^0 
using a low noise DC temperature controller (TC-102, Medical System Corp., NY, 
USA). 
A petri dish containing the epididymal cell preparation was placed on the 
stage of a phase contrast inverted microscope (Olympus IMT-2 or Nikon TMS, 
Japan). The earthing silver-silver chloride electrode was in contact with the bath 
solution via an agar salt bridge (1.5% agarose in normal NaCl bathing solution). 
When the patch electrode was immersed in the bath, a test pulse of 20mV (Axon ID 
or 5 mV (Axon 200) was passed throught the electrode and the corresponding flow of 
current was recorded. This was used to calculate the electrical resistance using Ohm's 
Law: 
. . Test pulse voltage 
Pipette resistance = current observed 
When the pipette contained 145 mM KCl and the bath contained 139 mM 
NaCl/15 mM KCl, the pipette resistance varied between 5 and 10 MQ. This pipette 
resistance was determined by the pipette tip siz;e and the geometrical shape of the 
pipette tip. 
The pipette was then advanced carefully towards the cells by means of a 3-
dimensional hydraulic micromanipulator (Narishige Co. Ltd., Tokyo, Japan.). The 
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whole process was visualized under a phase contrast inverted microscope with a total 
magnification of 200x or 400x. When the pipette was in the vicinity of the cells, the 
offset potential was compensated (refer section on 'Correction for liquid junction 
potential'). The pipette was then advanced slowly and carefully towards the target 
cell until a small decrease in the magnitude of the test pulse current (i.e. an increase in 
resistance) was observed which indicated that the pipette was touching the cell 
membrane. A slight suction was then applied to the interior of the pipette until the 
test pulse current was no longer observable, i.e. indistinguishable from the 
background noise. At this stage, the resistance of the pipette was at giga-ohm level. 
Usually, the formation of a seal was a spontaneous, all-or-none process. However, 
occassionally, some of the patches took some time to develop a giga-seal (usually 5 to 
10 minutes) and the reason for this was not clear. 
After establishment of "giga-seal", the patch membrane was disrupted as 
described above. Disruption of the cell-attached patch to establish a whole-cell 
configuration was accompanied by a large increase in input capacitance which was 
due to an increase in cell membrane capacitance (Fig 11.6.). This cell capacitance and 
the series resistance of the pipette tip were then compensated. 
Correction for liquid junction potential 
When the pipette and the bath contained different solutions, a junction 
potential developed at the tip of the pipette and this potential would have to be 
compensated in order to obtain an accurate value of the holding potential and 
membrane potential of the cell. This was accomplished by the following procedure: 
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Fig.IL6. 
The change in pipette current during the formation of a whole-cell patch. 
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Just before the pipette tip touched the membrane and established a seal, a 
positive pressure was applied to the interior of the pipette and the pipette potential 
was adjusted for zero current potential in the Axopatch amplifier. This zero current 
potential served as a reference at the end of each experiment. At the end of the 
experiment, the patch was blown off deliberately by applying a positive pressure to 
the interior of the pipette. Zero current potential was again adjusted and the change in 
zero current potential before and after the experiment was noted and used for 
correction. The comparison of the zero current potential before and after the 
experiment was always carried out in the same bathing solution. The final values of 
the membrane potentials of the cells were obtained by subtraction of the difference in 
the zero current potentials before and after the experiment from the measured values. 
Data Acquistion and Analyses 
The whole-cell ionic current recordings were made in a standard way (Hamill, 
Marty, Neher，Sakmann & Sigworth，1981) using a patch-clamp amplifier (Axopatch-
ID or Axopatch-200, Axon Instruments, Inc., Ca, USA). In most of the experiments, 
the membrane potential was about -35mV, and pulses of 0 mV and -80 mV were 
applied for 1.5 s and 0.5 s, respectively. These are the reversal potentials for CI" and 
K+ ions respectively. In some experiments，the membrane potentials were held at 
+60mV and -60mV when symmetrical anion and cation solutions were used. The 
control of command potential was carried out using an IBM-AT compatible computer 
equipped with an interface (TL-1-125, Axon Instruments, Inc.) and by utilizing the 
software pClamp Version 5.5.1 or 5.6 (Axon Instruments, Inc.). In some 
experiments, ramp voltage clamp pulses (triangular wave; dV/dt 二 士0.8Vs-i) were 
employed to obtain the I-V relationship. The output current signals, after filtering 
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through an 8-pole Bessel filter (AI-2040, Axon Instruments, Inc.) at a corner 
frequency of 1 kHz, were displayed on-line on a chart recorder (Bio-Rad, Austria or 
Graphtec, Japan). In some experiments, the output current signals were saved in a 
video tape following pulse-code modulation using a PCM-2 Analog/Digital video 
adaptor (List-Medical Corp., N.Y., USA) coupled to a VCR (NV-G33, National, 
Matsushita Electric Ind. Co., Osaka, Japan). The data stored was later retrieved for I-
V analyses using an IBM-compatible computer and with the software pClamp. 
The convention of recording used is as follows: Currents (or positive ions) 
leaving the pipette were reported as outward currents and were shown as upward 
deflections in the tracings. Currents (or positive ions) entering the pipette were 
reported as inward currents and were shown as downward deflections in the tracings. 
Voltages were expressed as the holding pipette potential (in mV) with respect to bath. 
Drugs were added directly to the bath solution using an autopipette and were 
mixed by pipetting in and out several times. In some experiments, the cells were 
superfused at a rate of lOml/min using a perfusion pump (Isco Instruments, Nebraska, 
USA). Drugs were added to the infusing bath solution and reached the cells within 
five seconds. Complete change of the bath solution was effected within one minute. 
At the end of each experiment, the patch was deliberately excised to obtain an 
outside-out patch. Whenever the seal resistance was less then 1 GO, the recording 
was not taken into account. 
In some experiments, the permeability of the cell membrane to a test anion 
(X)，was compared to that of CI". The relative permeabilities were calculated using 
the Goldman-Hodgkin-Katz voltage equation: 
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._ \ 
Y OT [Cl]i + Px/PCl [X]i + Pcat/PCl[Cat]o 
rev = In Px/Pci [X]o + Pcai/PCl[Cat]i 
where Vrev is the reversal potential and was obtained by fitting a second or third 
order polynomial to the I-V plots using least square's regression analysis. Pci，Px 
and Peat are the membrane permeabilities to CI", the replacement anion X，and the 
monovalent cation, respectively. [CI], [X] and [Cat] are the molar activities of CI", 
anion X，and the cation respectively. Subscripts o and i denote extracellular and 
intracellular respectively. R, T, and F are gas constant, absolute temperature, and 
Faraday's constant, respectively. Pcat/PCl was obtained from experiments without the 
replacement anion. 
Statistics 
All results were expressed in mean 土S.E.M. Comparisons between groups of 
data were carried out using Student's unpaired t-test and Chi-square test. A P value 
less than 0.05 was considered to be significant. 
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Chapter III. Results 
Anion conductance in human epididymal cells 
III. 1 Whole-cell current in human epididymal cells 
Under whole-cell voltage-clamp, 90% of the human epididymal cells 
equilibrated with KCl solution (Table ILIA) responded to adrenaline. The reversal 
potential changed from -30 士 ImV (mean 土 S.E.M.，n=15) to -2 ± 1 mV (mean 士 
S.E.M., n = 15) with an activation of inward currents of -1600 土 900 pA ； (mean 士 
S.E.M.，N=15) at the equilibrium potential to K + (EK -70mV), and small or no 
activation of outward currents at the equilibrium potential to CI" (Ecl 0 mV)(Fig 
IILIA). The current increased within 1 min and reached peak level after 2 min and 
was sustained. These experiments were performed before the establishment of the 
perfusion systems. Drugs were added as a bolus to the bath solution. 
The whole-cell CI" current responsed to positive and negative voltage pulses 
applied alternately are shown in Fig HI. LB and C. The basal whole-cell current was 
slightly outward rectifying but time-independent (Fig IILIB-D). 
The effect of adrenaline was found to be mimicked by forskolin (1 |iM), a 
drug which activates adenylate cyclase (Fig IIL2). 
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Fig. m . l . 
Effect of adrenaline on whole-cell current in single human epididymal cell. (a), 
outline of the whole-cell current recording performed by holding the cell potential 
alternately at 0 and -70 mV. Dashed line represents current level prior to stimulation. 
The recording was interrupted to perform current-voltage relationship. Whole-cell 
current measured during the application of square-pulse voltage under basal condition 
(b) and stimulated with 1 |iM adrenaline (c) were shown. Square voltage pulses from 
-140 to + 140 mV, step + 20 mV, of 200 ms duration were applied to the cell interior, 
(d) current-voltage relationships obtained form b and c on the same cell. Each data 
point was the average value of the clamp current. Open circles, basal condition; 
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Effect of forskolin (l|iM) on whole-cell current in single human epididymal cells. 
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The adrenaline-evoked current at -70 mV was blockable by adding DPC (0.25 
mM) to the bath solution and the effect was immediate (Fig Ill.l.a.). This suggested 
that the current could be carried mainly by CI". To confirm this, the KCl in the 
pipette solution was replaced with 120 mM K-gluconate and 15 mM KCl (Table 11.1 
pipette B ) and the bath solution was changed to one containing 135 mM KCl solution 
(Table 11.1 bath B). Adrenaline (1 |iM) activated an outward current at the 0 mV (n 
=3) indicating that adrenaline increased the CI" permeability of the cells (Fig. 111.3). 
In another set of experiments, the bath solution was replaced by one containing 15 
mM NaCl and 80 mM Na2S04 (Table 11.1 bath C). Since the adrenaline-stimulated 
whole-cell current was found to have only little time dependence (Fig. IILl.c), a ramp 
voltage pulse was applied. Figure in.4 shows a typical current-voltage relationship of 
these experiments; adrenaline increased the whole-cell conductance and shifted the 
reversal potential to +31 mV which was near to the Nernst equilibrium potential for 
C1' (+53 mV) under this condition. 
III. 2 Effect of adrenergic receptor blockers on whole-cell current 
It has been shown in short-circuit current studies that the stimulating effect of 
adrenaline in the rat epididymis is mediated through the B-receptors (Wong, 1988). 
The present study also investigated the type of receptors that mediated the whole-cell 
response to adrenaline in the cultured human epididymal cells. When propranolol (5 
|lM) was added together with adrenaline, the stimulatory effect of adrenaline was 
completely abolished (Fig. 111.5). However, subsequent addition of forskolin (1 ^iM) 
to the same cell evoked a response that was similar to adrenaline. In 
contrast,phentolamine (5 |lM) had no effect on adrenaline-stimulated whole-cell 
current (Fig. III.5b). 
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Fig.m.3. 
Effect of reducing CI" concentration in the pipette on the adrenaline-evoked response. 
The KCl in the pipette solution was partially replaced by 120 mM potassium 
gluconate. Adrenaline (l^iM) was added to the bath at the arrow. 
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Effect of reducing bath CI' concentration on the adrenaline-evoked response. The 
bath CI- concentration was reduced to 15 ^ ^ a n ^ a s b—a^ a^ ed g 
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Fig. m.5. 
Effect of adrenergic blockers on adrenaline-evoked whole-cell current. A. when 
propranolol (5 ^ iM) was added together with adrenaline (l^M), no increase in whole-
cell current was observed. Subsequent addition of forskolin (l^iM) stimulated an 
increase in whole-cell current at -70 mV. B. pretreatment of the cell with 
phentolamine (5 ^M) had no effect on adrenaline-evoked whole-cell current. The 
results are representative of five experiments. 
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IU3 Effect of inhibitors on the cyclic AMP pathway 
It is commonly known that B-adrenergic receptors are coupled to adenylate 
cylcase via the Gs protein. It would be of interest to see if the G protein inhibitor 
GDPbS , could abolish the effect of adrenaline. When GDPbS (100 |LiM) was included 
in the pipette solution, the effect of adrenaline was abolished (Fig. TIL6a). 
When a synthetic peptide protein kinase A inhibitor (200 pM) was included in 
the pipette, seventeen out of seventeen cells (from five batches ) showed no response 
to adrenaline (Fig. nL6b). Control experiments without the inhibitor were carried out 
on the respective batch of cells and it was found that the cells in each batch could 
respond to adrenaline in a normal manner. The Chi-square test with one degree of 
freedom performed with independence of principles of classification revealed that the 
difference was statistically significant (P < 0.001). 
111.4 Effect of altering intracellular calcium concentration 
When the intracellular free Ca2+ level was lowered to 1 nM (n = 7) or raised 
to 10 \xM (n == 6)，no marked effect on adrenaline-evoked current was seen (Fig. III.7a 
and b). Likewise, inclusion of 20 mM EGTA (n = 6) or 2 mM BAPTA (to chelate 
intracellular Ca2+) plus 100 iiM TMB-8 (to inhibit intracellular Ca2+ release) (n = 3) 
into the pipette solution did not seem to have any marked effect on the whole-cell 
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Fig. m,6. 
Effect of protein kinase A inhibitor and GDPfiS on the adrenaline-stimulated 
response. A. inclusion of CDPfiS in the pipette abolished the effect of adrenaline (1 
jiM). Subsequent addition of forskolin (1 |iM) to the same cell evoked a large rise in 
whole-cell current at -70 mV. B. inclusion of protein kinase A inhibitor in the pipette 
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Fig, n i l . 
Effect of different cytosolic free Ca2+ concentrations on the adrenaline-stimulated 
whole-cell current. A. pipette solution contained (in mM):KCl (135), Na2HP04 (1.2)， 
MgCl2(l) K-Hepes (10) and glucose (11). The free Ca2+ concentration was 
maintained at 1 nM using 2.5 mM EGTA. B. pipette solution same as A except 
solution contained 2.5 mM EGTA and 2 mM CaCOs, giving free concentration 
of 484 nM. 
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Anion conductances in rat epididymal cells 
III. 5 Effect of cAMP on whole cell CI- current in rat epididymis 
cAMP has been implicated as the major second messenger in stimulus-
secretion coupling in the rat epididymis (Wong 1988; Wong, Fu & Huang 1989). 
Various secretagogues including B-adrenergic agonists have been shown to stimulate 
anion secretion by increasing intracellular cAMP level. When the permeable cAMP 
analogue CPT-cAMP ( 500 joM) was added to the cell, an inward current at -80 mV 
clamping potential was observed (Fig. III.9). In these experiments, 20 mM EGTA 
was included in the standard pipette solution to suppress any Ca2+-dependent current. 
The CPT-cAMP-stimulated current reached a maximal value after about 2 min 
(Fig.IIL9). The change in current (AI) at -80 mV after stimulation was found to be 
-29.2 士 5.2 pA/pF (n = 24). The reversal potential was changed from -27.3 土 3.2 to 
7.9 士 1.0 mV after stimulation with CPT-cAMP (Fig. III. 10). The reversal potential 
after stimulation was not statistically different from the calculated value for CI" (Ecl 
=-5.8 mV; p < 0.05). Salbutamol (1 |lM), which increases short-circuit current in rat 
epididymal monolayers via 62-adrenoceptors ( Wong, 1988), caused an increase in 
whole cell current (AI = -34.3 士 4.8 pA/pF at -80 mV holding potential, n = 18; Fig. 
III. 11 A). The effect of salbutamol was reversible upon washing in 14 of 15 cells (Fig. 
m. l lA) . 
When the bath solution contained 45 mM NaCl plus 170 mM mannitol to 
maintain osmolality, the cAMP-evoked current reversed at +19.0 mV (n = 5) and AT = 
-38.4 士 6.1 pA/pF (Fig. III. 11 A). The reversal potential was below the expected EQ 
(+24 mV) and this suggested that part of the current could be due to a nonselective 
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cAMP evoked different whole cell current response patterns in cultured rat 
epididymal cells. A: addition of CPT-cAMP (500 ^ iM) to external solution resulted in 
transient increase in inward current at -80 mV. Dashed line, zero current. B: addition 
of CPT-cAMP to another cell caused more sustained inward current response. 
Records are representative of 24 experiments. These experiments were performed 
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Effects of reducing external CI" on cAMP- and ionomycin-stimulated reversal 
potentials A and C: pipette contained KCl solution and bath contained standard NaCl 
bath solution except where specified. Open circles, sy^etrical 139 n ^ CI" solution; 
closed circles, bath solution contained 45 mM NaCl B and D: pipette and bath 
solution contained 135 mM NMDG as major cation. Open circles, symmetrical 139 
mM C1-, closed circles, bath solution contained 33 mM CI". Cells were stimulated 
either with CPT-cAMP (500 ^iM; A and B) or with ionomycin ( 1 ^ iM; C and D) In 
ionomycin-stimulated response (C and D) instantaneous currents were used. All 
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Fig. HLl l 
Effects of washout on subsequent stimulation with salbutamol and ionomycin. A: 
addition of salbutamol (Sal, 1 |iM) caused rise in inward current, which returned to 
basal level after washout. Subsequent stimulation of cell with salbutamol ( 1 |iM ) 
reevoked inward current. Standard bath solution and standard pipette solution 
containing 20 mM EGTA were used. Record is representative of 14 expenments B: 
ionomycin (Im, 1 }iM) stimulated current response that returned to basal value after 
washout Subsequent stimulation of cell with ionomycin (up to 50 ^iM) did not result 
in second current response. Standard pipette and bath solution were used. Record is 
representative of 7 experiments. 
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epididymal epithelial cell (Cook, Huang, Wilson, Wong & Young 1990). The 
estimated relative permeability for cations to CI" (PCat/PCl) based on the data 
obtained using 45 mM NaCl bath solution was 0.13 士 0.02 (n = 5). 
To confirm that the major part of the cAMP-evoked current was CI" selective, 
ion substitution experiments were performed. First, when K+ in the pipette and Na+ 
in the bath solution were replaced by NMDG+，cAMP stimulated an increase in 
current at -80 mV which was blocked by DPC ( 1 mM) (Fig. IIL12A). The cAMP-
stimulated AI was -24.2 ±9.6 pA/pF ( n 二 5 )’ and the reversal potential was shified to 
-1.6 土 0.7 mV after stimulation (n = 5; Fig. III. 1 IB). The reversal potential was in 
close agreement with the expected EQ ( -5.8 mV). The cells under this condition 
responded to repeated salbutamol ( 1 |aM ) stimulations with similar magnitude after 
extensive wash ( n = 5 ). Second, when external CI. concentration was lowered to 33 
mM with symmetrical NMDG+ concentration across the membrane, the cAMP-
stimulated outward current was decreased and the current reversed at +32.9 士 0.3 mV 
(n = 3 ; Fig. III. 1 IB). The reversal potential was near the Ecl under these conditions 
(EQ = + 36.6 mV). These findings confirmed that the CPT-cAMP stimulated current 
was mainly CI" selective. 
The effect of cAMP was found to be dependent on protein kinase A (PKA) 
because the presence of a peptide PKA inhibitor ( 200 pM) in the pipette totally 
abolished the effect of the cAMP-evolved current (9 of 9 cells from 3 batches; results 
not shown). Chi-square test performed with one degree of freedom confirmed that the 
effect of PKA inhibitor was statistically significant ( P < 0.01). Similar results were 
obtained using the protein kinase inhibitor H8 ( 100 |iM) in the bath solution (3 of 3 
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Effects of Na+ and K+ free solution on cAMP- and ionomycin stimulated current 
responses Na+ and K+ in pipette solution were replaced with equimolar 
concentration of NMDG+. A. addition of CPT-cAMP (500 ^iM) to bath solution 
in current response at -80 mV. This cAMP-evoked current was 
SSced bn^T/^e过o；! of DPC (1 r ^ ) at peak of response. EGTA (20 mM) was present 
solution Record is representative of 5 experiments. B: addition of 
Z r S X (Tm I J M ) caused incrLe in current at-80 mV, which was blocked by 
a d d S of DPC (1 mM) at peak of response. Record is representative of 5 
experiments. 
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Fig. m. i3 
Different whole cell current response patterns evoked by ionomycin. A: ionomycin 
(Im 1 uM) evoked sustained inward current response at -80 mV clamping potential. 
Addition of DPC (1 mM) reduced current toward basal level. B: transient inward 
current response was observed in another cell in response to ionomycin (Im). Records 
are representative of 12 experiments. Standard pipette and bath solutions were used in 
these experiments. 
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Although all cells responded to cAMP, the time course of the response 
showed marked variation. In most cells the current rose to a peak level after about 2 
min of cAMP application and immediately fell off to a level above or close to the 
basal value within 3 to 6 min (14 of 24 cells) ( Fig IIL9A ). In some cells the peak 
current maintained for 1 to 5 min before declining toward the basal level (10 of 24 
cells; Fig. nL9B). 
IIL6 Effect of ionomycin on whole cell Cl~ current 
Addition of ionomycin (1 |iM) to the bath caused an increase in inward whole-
cell current (AI = -37.1 士 8.8 pA/pF, n = 12) at -80 mV holding potential (Fig. 
IIL11B,12B, and III. 13). With standard solutions in the pipette and bath, the 
membrane was depolarized from -62.7 士 6.9 to -2.7 土 0.8 mV ( n = 10; Fig. IOC). 
The reversal potential after ionomycin stimulation was close to the calculated value 
for CI" (i.e., 0 mV). In contrast to salbutamol stimulation, 7 of 7 cells did not respond 
to a second challenge of ionomycin ( up to 50 |jM) after washing (Fig. ELI lb). 
Addition of adrenaline to the ionomycin-stimulated cells caused a further 
increase in inward current at -80 mV with AI = -17.9 土 6.4 pA/pF (n = 4; Fig. III. 14). 
This value was not statistically different from the CPT-cAMP-stimulated inward 
current (P < 0.05). When the bath solution was changed to one containing 45 mM 
NaCl and 170 mM mannitol, the reversal potential caused by ionomycin was shifted 
to +14.9 ±1.7 mV ( n = 6)，a value that was below +24 mV, the equilibrium potential 
for CI" (Fig. III. IOC). This discrepancy would suggest that part of the ionomycin-
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Fig. m . 14 
Additive effects of ionomycin and adrenaline on whole-cell CI" current. Cell was first 
stimulated with ionomycin (Im, 1 ^ iM). When current at-80 mV clamping potential 
reached peak level subsequent addition of adrenaline (Adr, 1 JiM) caused further 
increase in current. Record is representative of 4 expenments. Standard pipette and 
bath solutions were used in these expenments. 
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evoked inward current was carried by monovalent cations in a nonselective manner. 
The relative permeability (Pcat/PCl) was found to be 0.25 士 0.05 ( n = 6 ). 
With symmetrical NMDG-Cl solution, the ionomycin evoked a current with 
AI 二 -16.0 士 5.1 pA/pF (n = 5), which was blockable by DPC ( 1 mM; Fig. IIL 1 IB ). 
The current reversed at -1.1 士 0.7 mV after stimulation ( n = 5; Fig.III.lOD ). Similar 
to that obtained using standard pipette and bath solution, the cells did not respond to 
a second challenge of ionomycin ( up to 50 }iM ) after washing ( n = 6 ). When the 
external C1' concentration was lowered to 33 mM with symmetrical concentration of 
NMDG+ across the membrane, the ionomycin-evoked outward current was 
diminished. The reversal potential was +32.6 土 0.8 mV after stimulation consistent 
with the calculated value for CI" ( + 36.6 mV ). 
The effect of ionomycin was dependent on extracellular Ca2+. When the 
extracellular Ca2+ was lowered to 1 nM using a EGTA-Ca2+ buffer, addition of 
ionomycin ( 1 [iM ) did not evoke any inward current at -80 mV. However, 
subsequent addition of 5 mM Ca2+ to the bath caused an increase in current level ( n 
=5; Fig. IIL15A ). When the pipette solution contained 20 mM EGTA the response 
to ionomycin was abolished but the response to adrenaline remained ( n = 5; Fig. 
in.l5B ). 
In common with the cAMP-stimulated current, the pattern and time course of 
the responses to ionomycin also showed great variation. The general pattern was a 
transient increase in current after ionomycin application followed by a fall toward the 
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Effect of alteration of bath and pipette Ca2+ concentration on ionomycin-evoked current. 
A: free Ca2+ in bath solution was buffered to 1 nM using EGTA-Ca^^ buffer. Pipette 
solution contained 120 nM Ca2+. Addition of ionomycin (Im, 1 |imol/l) showed no effect 
on whole-cell current. Readmission of Ca2+ (Ca, 5 mmol/1) to the bath solution evoked a 
whole-cell current. B, when EGTA (20 mmol/1) was included in the pipette solution, no 
increase in whole-cell current was observed after addition of ionomycin (Im, 1 |imol/l). 
Subsequent addition of adrenaline resulted in an increase in current level. After the 
addition of ionomycin, the record was allowed to run for 8 min (shown as short broken 
line) before the addition of adrenaline. No change in current level was observed during 
this period of time. This ensured that any delayed response would not be missed. The 
records are representative of 5 experiments. 
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Ill7 Differences between cAMP- and Ca?-^ ionophore-dependent CI' current. 
Figure III. 14 demonstrated that the responses caused by an increase in intracellular 
Ca2+ and 
adrenaline were additive. It has been reported that Ca2+ and cAMP 
activate two different types of CI" current in the colonic epithelial cell line T84 ( Cliff 
and Fizzell 1990 ) and in human airway epithelial cells ( Anderson and Welsh, 1991 
).Therefore, we examined the properties of CI" currents evoked by Ca2+ and cAMP 
in cultured rat epididymal cells. 
The cation component of the ionomycin-stimulated current was eliminated by 
replacing the major cations in the pipette and in the bath with NMDG+. Fig.ni.l6B 
shows the residual current evoked by ionomycin in response to square-voltage pulses. 
This residual current was CI" selective under these experimental conditions ( Fig. 
III.IOD and 12B ). The ionomycin-evoked C1' current showed a pronounced time 
dependence. At hyperpolarizing voltages there was a time-dependent decay of 
current, whereas a slowly developing component was observed at depolarizing 
voltages. The I-V relationships obtained from instantaneous current level exhibited a 
linear characteristic, whereas that obtained from steady-state current level showed a 
pronounced outward rectifying properties (Fig III.16C). This observation is consistent 
with a nonrectifying CI" channel activated by Ca2+ but the open probability varies 
with the holding potentials. 
Figure 111.17 shows the cAMP-induced Cl-current in response to voltage 
steps. In these experiments NMDG+ was the major intracellular and extracellular 
cation, and 20 mM EGTA was present in the pipette to eliminate any Ca^+activated 
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Characteristics of ionomycin-induced current. The major univalent cations in the bath 
and pipette solutions were substituted by NMDG+. A, whole-cell current for 
unstimulated cell measured during application of square-voltage pulses (from -140 to 
+140 mV, step +20 mV). B, whole-cell current for ionomycin-stimulated cell. 
Concentration of ionomycin was 1 M-inoVl. C, I-V relationship obtained from the same 
cell at rest and during stimulation. Open circles, unstimulated resting condition; closed 
squares, I-V relationship obtained using obtained using values from instantaneous 
current; closed triangles, I-V relationship obtained using values from steady-state current. 
Measurements were made at peak of current response. These records are representative 
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Characteristics of cAMP-induced current. Major univalent cations in bath and pipette 
solutions were susbstituted by NMDG+. Pipette solution contained 20mM EGTA. A, 
whole cell current for unstimulated cell measured during application of square-voltage 
Dulses (from -140 to +140 mV, step +20 mV). B, whole cell current for CPT-cAMP 
stimulated cell. Concentration of CPT-cAMP was 500 jiM. C, I-V relationship obtained 
from same cell at rest and during stimulation (closed circles). Measurement were made at 
peak of current response. The records are representative of 5 experiments. 
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conductance change. Ion substitution experiments showed that this current was 
carried by CI" (Fig.IILlOB and 11 A). The cAMP-evoked current showed no time 
dependence during hyperpolarizing or depolarizing voltage pulses ( Fig. HLITB). The 
I-V relationships obtained in the presence of cAMP exhibited a linear relationship ( 
Fig. ni.lTC). 
The anion permselectivity of the cell membrane after ionomycin or CPT-
cAMP treatment was determined by replacing the CI" in the bath with equimolar 
concentration of the respective anion, viz., Br, I", and N O 3 " . For the determination of 
the relative permeability of S04^" to CI", the external solution contained (in mM ) 
0.8 CaCl2, 13.5 NaCl, and 81 Na2S04. The reversal potential was obtained from I-V 
relationship. Tables IILl and III.2 summarize the results from these experiments. 
Because a portion of the stimulated current has been shown to be carried by 
nonselective cations, correction was made in calculating the relative permeabilities to 
the anions by assuming that Pcat/PCl was 0.13 for cAMP-evoked current and 0.25 for 
ionomycin-evoked current. The anion permselectivity sequence for CPT-cAMP was 
found to be N O 3 - > B r > CI" « I" » SO42- and that for ionomycin was I" > Br « 
N O 3 - > CI- » SO42、 
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Table HLl. 
Effect of substitution of extracellular CI' by various anions on Vrev in the presence of 
cpt-cAMP. 
Anion n ^rev after Px/Pci 
stimulation，mV 
N03" 5 -13.6 ±1.3 1.84 
B r 6 -6.8 士 0.8 1.36 
V 6 -0.9 ±2.1 1.04 
SO42- 5 +32.0 土 4.9 I 0.051 
Px/Pci was calculated using the mean Vrev values. Values for Px/Pci were obtained 
assuming that Pcat/Pci was 0.13. The Vrev for each anion is significantly different from 
that of CI- (P < 0.05). 
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Table IIL2. 
Effect of substitution of extracellular Cl' by various anions on Vrev in the presence of 
ionomycin 
Anion n Vrev after Px/Pq 
stimulation，mV 
]- 7 -23.2 士 1.5 2.93 
B r 9 -6.7 士 0.8 1.39 
NO3- 5 -5.7 土 1.5 0 3 
S042- 7 +22.0 士 3.2 I 0.088 
Px/Pci was calculated using the mean Vrev values. Values for Px/Pci were obtained 
assuming that Pcat/Pci was 0.25. The Vrev for each anion is significantly different from 
that of CI-(尸 < 0.05), except difference between Br and N O 3 - is not significant 
statistically (P > 0.05). 
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IIL8 The swelling-induced whole-cell currents 
When the cells were exposed to isotonic solution containing 70 mM C1' for 
10 min after the formation of whole-cell configuration, no spontaneous cell swelling 
and/or development of significant whole-cell current occurred. The cells were then 
superfused with a hypoosmotic solution (Att = 100 mosM; for compostion of solution 
，please see table ILl); an increase in whole-cell current level at ±60 mV was 
observed within 1 min. The maximal change in current level (AI) was +2045 士 263 
pA and -1835 ± 187 pA at +60 and -60 mV respectively (n = 10) (Fig. III. 18A). The 
current reached a maximal value after 3 to 6 min and was sustained. The current 
returned to the resting level upon exposing the cell to hyperosmotic (Ati = -70 mosM) 
or to isoosmotic bath solution, suggesting the current was associated with cellular 
swelling. Re-exposing the same cells to hypoosmotic bath solution caused a second 
increase in whole-cell current level (Fig. III. 18A). The magnitude of the current 
during the second exposure (AI = +1725 土 229 pA at +60 mV and -1675 士 256 pA at 
.60 mV, n = 4) was not significantly different from that of the first exposure to 
hypotonic solution (尸 > 0.05). The magnitude of the swelling-induced current 
increased as the transmembrane osmotic pressure difference (A兀）was increased by 
lowering the osmolality of the bath solutions as shown in Fig. ni.lSB. An increase in 
whole-cell current was observed in 2 out of 10 cells when An reached 30 mosM. 
However, 6 out of 6 cells showed an increase in current when An was increased to 40 
mosM. Maximal conductance change was observed at 120 to 140 mosM. The patch 
deteriorated quickly when Ati exceeded 140 mosM, presumably due to permanent 
membrane damage leading to cell death. 
Similar to that reported for T84 cells (Worrell, Butt, Cliff and Frizzell, 1989)， 
sweat duct cells (Sole and Wine, 1991) and airways epithelial cells (Chan, Goldstein 
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The effect of hypoosmotic solution on whole-cell current in a single rat epididymal 
cell A, standard pipette solution containing 70 mM CI" was used. Bath solution 
contained 70 mM NMDG-Cl and was osmotically balanced with mannitol. In 
isoosmotic (Iso) and hyperosmotic (Hyper) solutions, Atc were 0 mosM and -70 
mosM respectively. In hypoosmotic (Hypo) solution, Ati was +100 mosM. The 
membrane potential was intermittenly clamped at +60 mV and -60 mV for 0 5 s 
duration Only the outline of the tracing was shown. The horizontal dashed line 
denotes zero current level. The record is representative of 4 experiments. B，relation 
of the change in whole-cell currents (AI) at +60 mV to transmembrane osmotic 
pressure difference (An). Symmetrical CI" concentrations (45 mM) were used 
throuehout the experiments. The osmolality of the bath solution was altered by 
altering the concentration of mannitol. Each point represents the results from at least 
4 experiments. The S.E.M.s for the lowest three data points were less than 2 pA and 
were not observable in the figure. 
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and Nelson, 1992), the swelling-induced CI" conductance in the rat epididymal cells 
was both voltage- and time-dependent (Fig. IIL 19). In symmetrical CI" solutions ([Cl" 
] = 7 0 mM), the peak I-V relationship showed a slight outward rectifying 
characteristic after swelling (Fig. ni.l9B & C). At voltage pulses more positive than 
+60 mV, the current decayed during the 180 ms voltage pulse (Fig. IIL19B). The rate 
of decay showed great variability from cell to cell at the same holding voltages (see 
Fig. III. 19 and Fig. 111.22). Generally, the greater the depolarizing voltage the faster 
was the rate of decay. 
III.9 The swelling-induced current was mainly Cl' selective 
To characterize the type of current induced by hypoosmotic swelling, the 
pipette was changed to one containing 5 mM NMDG-Cl, 65 mM NMDG-glutamate 
and 76 mM mannitol. When the cell was first exposed to a hypoosmotic bath solution 
containing 5 mM CI" and 65 mM glutamate with NMDG+ as the major cation (Att = 
100 mosM), a small increase in whole-cell current at +60 mV was observed (Fig. 
IIL20A). The whole-cell conductance at the reversal potential increased from a basal 
value of 684 士 166 pS to 5550 土 1006 pS (n 二 6). When the external [CI"] was 
restored to 72 mM without changing [NMDG+]，a significant increase in conductance 
was observed (17012 士 3256 pS, n == 6) (Fig. III.20A). This observation suggested 
that the swelling-induced current was CI" dependent. This contention was further 
supported by the shift in the reversal potentials when the cell was exposed to different 
[C1-] gradients. Fig. IIL20B shows the relationship between the reversal potentials 
and various [Cl-]o/[Cl-]i. The slope of the fitted line was -57.4 mV which was close 
to -58.5 mV as expected from the Nernst equation if CI" was the only permeant 
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The characteristics of the swelling-induced CI. currents at different voltages. Pipette 
and bath solutions contained 70 mM CI". NMDG+ was the major ion in the solutions 
ATI； was 100 mosM. The membrane potential was clamped from -140 mV to +140 
mV step 20 mV, for 180 ms. A, basal whole-cell current in isoosmotic solution. B, 
whole-cell current after exposing the cell to hypoosmotic solution (Atc = 100 mosM) 
C l-V relationships obtained from the same cell. Triangles represent the basal 
currents at peak and steady state levels which are overlapping. Open and filled circles 
represent the swelling-stimulated currents at peak and steady state levels, 
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Demonstration of a swelling-induced CI" conductance. A, the pipette solution 
contained 5 mM NMDG-Cl and 65 mM NMDG-glutamate. The osmolality of the 
pipette solution was maintained at 280 mosM by mannitoL Exposure of the cell to 
hypoosmotic solution (k = 180 mosM) caused a rise in whole-cell current recorded at 
0 mV and +60 mV clamping potentials. The magnitude of the whole-cell current was 
dependent on the external CI- concentration. The record is representative of 4 
rci'i 
experiments. B, the effects of \ 。on the reversal potentials were obtained by 
LLl—Ji 
varying [Cl-]o. The reversal potentials were obtained from the I-V relationships after 
fitting a second or third order polynomial to the peak current responses. The straight 
line in the graph shown was fitted using the Marquardt-Levenberg algorithm 
according to the Nemst equation. The slope obtained was -57.4 mV/decade. 
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species. These results demonstrate that the swelling-induced whole-cell conductance 
was mainly CI" selective. When the pipette and bath solutions contained 108 mM 
NaCl and 40 mM NaCl respectively, the reversal potential after swelling was +11.0 土 
0.8 mV (n = 4). The relative permeability of Na+ to CI" was estimated to be 0.34 土 
0.03 (n = 4), indicating that the swelling-induced conductance is more selective for 
anion than for cation. 
III. 10 Anion selectivity of the swelling-induced Cl~ current 
To further characterize the swelling-induced CI" conductance, the anion 
selectivity sequence was determined. The experiments were performed in bath 
solution with osmolality equal to 180 mosM. In these experiments, CI" in the bath 
solution was totally replaced with 70 mM I", Br, NO3- or 2-[N-morpholino]-
ethanesulfonic acid (MES). The results are summarized in Table ni.3 • In contrast to 
the Ca2+- and cAMP-activated conductances which showed permselectivity sequence 
of I- > Br « N O 3 - > CI- » SO42- and N O 3 " > Br > CI" = I" » SO42- respectively, 
the sequence for the volume-sensitive conductance was found to be I_ « N O 3 " ^ Br > 
CI- > MES. The corresponding normalized permeability coefficients were estimated 
to be 1.16, 1.08, 1.07, 1.00 and 0.32. 
in.11 Inhibition of the swelling-induced CI' conductance by anion channel blockers 
One of the characteristics of ion channels is their variable degrees of 
sensitivity to various channel blockers. To investigate the sensitivity of the swelling-
induced CI- conductance in the rat epididymal cells to various CI" channel blockers, 




Effect of substitution of extracellular CI- by various anions on Vrev . 
Anion n Vrev after swelling, p^/p^j 
I mV I 
i： 6 -4.3 ±0.7 y ^ 
N03' 7 -2‘6±0.7 
Br- 4 -2.3 ±1.0 
MES 4 +26.8 ±1.11 0.32 
Px/Pci was calculated using the mean Vrev values. The Vrev for each anion is 
significantly different from that of CI" (Vrev = 0 mV) (P < 0.05). The Vrev for I", 
NO3- and Br were not significantly different from each other (P > 0.05). 
69 
.< V 
Fig. in.21 shows the effects of these blockers on the swelling-induced current 
at 士 60 mV holding potentials. DPC (1 mM), NPPB (0.5 mM) completely blocked 
the swelling-induced current (Fig. III.21A & B) whereas partial blockade was 
observed with BIDS (0.5 mM) (Fig. IIL22C). The effects of these blockers were 
reversible upon washing (Fig. 111.21). The blocking effects of DPC and NPPB were 
similar at +60 mV and -60 mV whereas DIDS showed a greater blocking effect at +60 
mV than at -60 mV(Fig. 111.21 C). Fig. 5 shows the voltage dependence of current 
inhibition by these anion channel blockers. The effects of DPC and NPPB were 
voltage-independent (Fig. IIL22A & B). Both the inward and outward currents were 
completely inhibited by DPC and NPPB. On the other hand, DIDS effectively 
blocked the swelling-induced CI" current at depolarizing voltages but only partially 
suppressed the current at hyperpolarizing voltages (Fig. III.22C). 
The blocking effects of DPC, NPPB and DIDS were dose-dependent (Fig. 
111.23). Although DPC and NPPB showed similar blocking effects, the potency of 
NPPB was found to be greater than DPC. The corresponding IC50S (i.e. the 
concentration of blocker which shows 50% of maximal inhibition) were about 0.5 
mM and 0.12 mM for DPC and NPPB respectively (Fig. IIL23A & B). On the other 
hand, DIDS showed a less steep dose-effect relationship when compared to DPC and 
NPPB. The blocking effect of DIDS was greater at depolarizing voltages (« 95% 
inhibition at 5 mM concentration) than at hyperpolarizing voltages (« 55% inhibition 
at 5 mM concentration) (Fig. in.23C). The IC50 for DIDS at -60 mV was determined 
to be about 20 |liM. However, since the maximum plateau value was not obtained at 
+60 mV, an estimate of IC50 about 120 |iM was made by approximating 95% 
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Fig. nL21 
The effects of DPC, NPPB and DIDS on swelling-induced whole-cell CI" current. 
Pipette and bath solutions contained 70 mM CI". NMDG+ was the major cation in the 
solutions When the cell was exposed to isoosmotic solution (Iso), no development of 
whole-ceil current occurred. Upon exposure to hypoosmotic solution (Hypo; Atc = 
100 mosM) development of whole-cell current occurred. The horizontal dashed line 
denotes zero current level. In some recordings, the experiments were 
intemipted(shown as broken line) to obtain I-V relationships. A, DPC (1 mM); and 
NPPB fO 5 mM) completely blocked the swelling-induced whole-cell Ch current at 土 
60 mV Tlie effects of DPC and NPPB were reversible upon washing. C、DIDS (0.5 
mM) Dartially and reversibly blocked the swelling-induced whole-cell CI" current 
with a greater effect at +60 mV. The records are representatives of at least 5 
experiments. 
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The blocking characteristics of DPC, NPPB and DIDS on swelling-induced Cl" 
current. I-V relationships were obtained as described in Fig. 111.21. Basal: cells 
exposed to isoosmotic solution; Hypo: cells exposed to hypoosmotic solution (Att = 
100 mosM). A, DPC (1 mM); and B, NPPB (0.5 mM) completely blocked the 
swelling-induced current. C, DIDS (0.5 mM) reduced the swelling-induced current 
with a greater effect at depolarizing voltages. The records are representatives of at 
least 5 experiments. 
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Fig. nL23 
The inhibitory effects of increasing doses of DPC (A), NPPB (B) and DIDS (C) on 
swelling-induced current. Swelling was accomplished by exposing the cells to 
hypotonic solution with Atc = 100 mosM. Open circles: % inhibition at +60 mV; 
closed circles: % inhibition at -60 mV. Each point represents mean 土 S.E.M. from at 
least 5 experiments. 
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IIL12 The role ofCa^+ and cAMP in swelling-induced CI- conductance 
The swelling-induced CI" conductance has been shown in a number of 
epithelial tissues to be a separate CI" conductance from that activated by or 
cAMP (Anderson and Welsh, 1991; Cliff and Frizell, 1990; Huang, Fu Chung, Zhou 
and Wong, 1993). However, increase in intracellular levels of Ca2+ and cAMP has 
been observed following cellular swelling (Foskett and Melvin,1982; Grinstein and 
Spring, 1985; Hoffman, Simonsen and Lambert, 1984; Watson, 1991). Therefore, in 
the present studies we also investigated the role of Ca2+ and cAMP in the swelling-
induced CI- conductance. Experiments were first performed with pipette solution 
containing 20 mM EGTA to suppress the rise in intracellular Ca2+ and with bath 
solution containing 2.5 mM EGTA to maintain the free Ca2+ level at 1 nM. Under 
these conditions, the effect of ionomycin (1 [iM) on the whole-cell conductance was 
totally abolished but the swelling-induced CI" conductance remained (Fig. in.24.A). 
Experiments were also performed under conditions where the activity of cAMP-
dependent kinase was inhibited by the presence of H-8 (100 ^M) in the pipette 
solution. Salbutamol (1 |iM), which has been shown to stimulate whole-cell Cl" 
conductance and short-circuit current in the epididymal cells via l^ -receptor (Leung 
and Wong, 1992), failed to evoke an increase in CI" conductance in the presence of H_ 
8. However, the swelling-induced CI" conductance was not affected by H-8 (Fig. 
III.25A). These results indicated that neither Ca2+ nor cAMP played a significant 
role in the swelling-induced CI" conductance. In addition, further current activation 
could be produced by swelling after either Ca2+ or cAMP-induced current activation 
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Fig. m.24 
The effect of Ca2+-free solutions on swelling-induced whole-cell CI" current. 
Standard pipette solution containing 70 mM CI" and 20 mM EGTA was used. The 
free Ca2+ level in the bath solution was maintained at 1 nM by including 2.5 mM 
EGTA. A, addition of ionomycin (1 iiM; Im) to the cell did not cause a rise in whole-
cell current in the absence of Ca2+. Subsequent exposure of the cell to hypoosmotic 
solution (Atc = 100 mosM) resulted in a rise in whole-cell current. B, whole-cell 
current recording obtained after ionomycin addition. C, whole-cell current recording 
obtained after swelling. The record is representative of 5 experiments. 
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The effect of H-8 on swelling-induced whole-cell CI" current. Standard pipette 
solution containing 100 ^ iM H-8 was used. Bath solution contained 1 mM C 二 … ， 
coihiitaTTiol 7l uM. Sal) did not cause any nse in whole-cell current. 
f ^ u e S ilSeSi to hypoosmotic solmic/n _ = 100 mosM). caused a 
J二二二q^ hole cPell current at 士 60 mV. B, whole-cell current recording obtained 牢 e r 
^Ibi iaro^ddit ion. C, whole-cell current recording obtained after swelling. The 
record is representative of 5 expenments. 
76 
(Fig. 111.26). Consistent with the previous findings (Huang, Fu, Chung, Zhou and 
Wong, 1993), stimulating the cells with ionomycin (1 |lM) resulted in a transient 
increase in CI" current. Subsequent exposure of the cells to hypoosmotic solution 
caused a further increase in CI" current (Fig. IIL26A - C). Similar additive effects 
were observed with salbutamol (1 |a,M) and swelling (Fig. TIL26D - F). These results 
suggest that the swelling-induced CI" conductance pathway was different from those 
stimulated by Ca2+ or cAMP. 
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Fig. nL26 
Additive effects of ionomycin or salbutamol and hypoosmotic swelling. A, no EGTA 
was present in the pipette solution. Bath solution contained 1 mM Ca2+. Addition of 
ionomycin (1 |iM; Im) to the cell immersed in isoosmotic solution stimulated a 
transient increase in whole-cell current. Subsequent exposure of the cell to 
hypoosmotic solution (Atc = 100 mosM) caused a further rise in whole-cell current. 
B, whole-cell current recording obtained after ionomycin addition. C, whole-cell 
current recording obtained after swelling in the presence of ionomycin. The record is 
representative of 5 experiments. D、addition of salbutamol (1 ^iM; Sal) to a cell 
immersed in isoosmotic solution stimulated an increase in whole-cell current. 
Subsequent exposure to hypoosmotic solution (Atc = 100 mosM) caused a further rise 
in whole-cell current. 20 mM EGTA was present in the pipette solution E，whole-
cell current recording obtained after salbutamol addition. F, whole-cell current 
recording obtained after swelling in the presence of salbutamol. The record is 
representative of 4 experiments. 
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Chapter IV. Discussion 
Signal transduction mechanism of adrenaline-stimulated CI" current in human 
epididymal cells. 
In the present study, we have shown for the first time that cultured human 
epididymal epithelium responds to adrenaline by an increase in whole-cell current. 
Results show that 10% of the cells which succeeded in forming tight-seal failed to 
respond. Similar observations were reported in the rat mandibular salivary gland 
(Cook, Day, Champion and Young，1988) and the rat and mouse lacrimal glands 
(Marty, Tan and Trautmann, 1984; Morris, Gallades, Irvine and Petersen, 1987). This 
phenomenon could be due to heterogeneity of the cell population in primary culture 
even the method used has been claimed to produce an epithelium containing 
principally epithelial cells (Cooper, Yeung, Meyer and Schnlze, 1990). 
In a complementary study in our laboratory, the increase in short-circuit 
current (Isc) upon adrenaline stimulation consisted of a rapidly rising phase following 
by a sustained phase (Huang, Leung, Fii, Chung, Chan and Wong, 1992). The 
increase in Isc was likely to be due to electrogenic secretion of chloride since DPC, a 
chloride channel blocker, completely blocked the effect of adrenaline and brought the 
Isc almost back to the basal level. Forskolin，an activator of adenylate cyclase，also 
caused a rise in current, suggesting that the Isc response to adrenaline was mediated 
by cAMP. 
Single-channel patch-clamp studies have revealed a CI" channel with unitary 
conductance of about 5 pS in the apical membranes of the rat (Huang, Cook, Wong, 
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Young 1990) and human fetal epididymal cells (Pollard，Harris, Coleman and Argent 
(1991). These CI" channels resemble those present in the other cAMP-dependent 
epithelia (Berger, Anderson, Gregory, Smith and Welsh, 1991) in that they exhibited 
similar linear I-V relationships and slow kinetics. These small conductance chloride 
channels may underly the macroscopic whole-cell chloride conductance reported in 
this study. 
Intracellular microelectrode measurement of rat epididymal cells has shown 
that the resting membrane potential is determined largely by CI" and K+ (Cheung, 
Hwang and Wong, 1978). The increase in whole-cell current level at -70 mV was 
found to be mainly carried by CI" as supported by the following points. The reversal 
potential was near to 0 mV after adrenaline was added. This potential (0 mV) is the 
equilibrium potential for CI" under this condition. Second, the addition of CI" channel 
blocker，DPC, blocked the whole-cell current at -70 mV. Third, when the chloride 
was reduced from 135 mM to 15 mM and with symmetrical K+, an outward current at 
0 mV was evoked after adrenaline stimulation. Finally, if the CI" concentration in the 
bath solution was changed from 135 to 15 mM while keeping the osmolality constant, 
the reversal potential after adrenaline was shifted to +31 mV which was near the 
equilibrium potential for CI" under this gradient of ions as calculated from the Nemst 
equation. On the basis of these findings, it can be concluded that the major part of the 
adrenaline-evoked current was carried by CI" although a small fraction may be 
carried by cations through the non-selective cation channels. Non-selective cation 
channels have been found to be present in rat epididymal cells (Cook, Huang, Wilson, 
Wong and Young 1990). 
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The ionic mechanism of secretion in the epididymal epithelium has been 
studied and described in the "Introduction" section. However, the signal transduction 
of the adrenaline-stimulated increase in anion secretion in the human epididymal 
epithelium was less clear. In the human epididymal cells under whole-cell patch-
clamp configuration, use of a and B adrenoceptor blockers showed that the adrenaline 
evoked whole-cell current was mainly mediated by B-adrenoceptor stimulation. On 
the other hand, measurement of adrenaline-stimulated chloride secretion by cultured 
rat epididymal epithelia using short-circuit technique has shown that all a , B1 and B2 
adrenoceptors were involved (Leung, Yip and Wong, 1992). Furthermore, the a-
receptor effect was found to be mediated by a rise in intracellular 
Ca2+ via I P 3 
(Leung and Wong, 1994 in press). In the present experiments, the failure to show the 
presence of a-receptors and the involvement of Ca2+ in the CI" current response to 
adrenaline could be due to a number of possibilities. In the whole-cell measurement, 
the intracellular Ca^+was buffered by EGTA and hence the stimulation of a -
adrenoceptors would have been suppressed. It is noteworthy that the present Cl" 
conductance experiments were carried out on isolated single epididymal cells whereas 
the short-circuit current measurements were carried out on reconstituted epithelial 
monlayers. Direct comparsion between the two set of studies may not be valid. 
In airway epithelial cells (Smith, Welsh, Stoff and Frizzell, 1982; Welsh and 
Leidthe, 1986) and rat epididymal cells (Wong and Huang, 1990)，the stimulation of 
secretion by B-adrenergic agonists was shown to be mediated by cAMP as second 
messenger. In these tissues, adrenergic agonists caused a rise in intracellular cAMP. 
In the present study on human epididymal cells, the whole-cell current 
response to adrenaline was mimicked by forskolin. GDPfiS abolished the effect of 
adrenaline without affecting that of forskolin. These findings provide evidence that a 
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G protein was coupled to adenylate cyclase which generated cAMP from ATP. In 
addition, the inhibitory effect of protein kinase A inhibitor and the stimulating effect 
of a catalytic sub-unit of protein kinase A indicate a cAMP-mediated, protein kinase 
A-dependent, phosphorylation of a membrane protein as the last step of the signal 
transduction pathway. This scheme seems to conform to the classic cAMP pathway. 
CAMP may not be the only second messenger involved in adrenaline-
stimulated whole-cell current. In the rat mandibular salivary gland, B agoinsts have 
been shown to increase intracellular Ca2+ (Cook, Day, Champion and Young, 1988). 
In our study, reducing intracellular Ca2+ to virtually zero or increasing it to 480 nM 
had no noticeable effect on the adrenaline-induced whole-cell current in human 
epididymal cells. This shows that Ca2+ may not play an indisponsible role in the 
adrenaline-evoked secretion. The role of Ca2+ in secretion by the rat epididymis will 
be discussed in the next section. 
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Anion conductance in rat epididymal cell: The role of Ca2+ and cAMP 
In the previous sections, it was noted that agents which increased intracellular 
cAMP and/or Ca2+ led to stimulation of chloride secretion/conductance in the rat and 
human epididymal cells. The role of these two messengers in stimulating CI" 
conductance in the rat epididymis is discussed in this section. 
cAMP applied to the rat epdidymal cell stimulated a whole-cell current which 
was carried mainly by CI". The evidence were as follow: First, the reversal potential 
of the cAMP-induced current was close to the calculated value for CI" under the 
condition stated. Second, the shift in reversal potential (+19 mV) was close to the 
expected value (+24 mV) when the bath CI" concentration was reduced to 45 mM. 
Third, when the major cations were replaced with NMDG+，the reversal potentials 
were closed to the expected value. 
The time-course of the response was found to be variable. This was also 
found to be the case in rat mandibular gland cells (Cook, Day, Champion and Young, 
1988). This may be due to the different time taken for the drug to diffuse to the cell 
under different experimental conditions. Most of the response appeared to be a 
transient rise and reversible. This could not have been due to the washout of water-
soluble cell content as similar response could be evoked upon repeated stimulation. 
Besides cAMP, the role of Ca2+ as second messenger in CI" secretion has 
been investigated in cultured epididymal cell monolayers using the short-circuit 
current technique (Wong, 1988). Consistent with these findings, Ca2+ ionophore 
such as A23187 and ionomycin stimulated CI" secretion in the present experiment. 
This effect was dependent on both extracelluar and intracellular Ca2+. The current 
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may be a mixed CI" and cation currents since the reversal potential (+14.9 mV) was 
lower than the expected Ecl (+ 24 mV) when external CI was reduced to 45 mM. 
The cation current could not have been due to K+ alone because the reversal potential 
was around 0 mV at [K+]i of 140 mM and [K+]o of 5 mM. This cation current may 
be caused by non-selective cation channels since non-selective cation channels have 
been found in rat epididymal cells using single channel recording (Cook, Huang, 
Wilson, Wong and Young, 1990). 
Both Ca2+ and cAMP evoked transient whole-cell currents with similar 
magnitudes. It would be of interest to study if these currents are due to the same or 
separate channels. The results showed they were distinct in terms of time-
dependence, current-voltage relationship and ion selectivity. First, the cAMP current 
was time and voltage independent while the Ca2+-stimulated current were time-
dependently activated during depolarizing voltage pulses and inactivated during 
hyperpolarizing voltage pulses. Second, the two currents were additive. Finally, their 
ion selectivities differ. The ion selectivity of the cAMP-activated current conformed 
to that of the Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) which 
is absent or defective in the genetic disease cystic fibrosis (CF). CF men are infertile 
due to obstruction of the epididymal lumen by mucus, a phenomenon secondary to 
defective fluid secretion by the epididymis. 
The two different signal transduction pathways may play different roles in 
fluid secretion. It is well known that the cAMP pathway is linked to the 6-
adrenoceptors while Ca2+ is linked to the a-adrenoceptors. Different types of 
adrenoceptors have been found to be present in epididymis (Leung, Yip and Wong, 
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1992) and they may work in concert to mediate fluid secretion by the epididymal 
epithelium in vivo. 
Swelling induced anion conductance in rat epididymal cell 
The swelling induced CI" conductance found in the epidiymal cell is different 
from that of other cells such as T84 (Worrell, Butt, Cliff and Frizzell, 1989) and 
airway epithelial cells (Schultz, Hudson and Lapointe, 1985) in that the former did 
not develop current spontaneously in isotonic condition. An gradient of 30 mosM 
was required to evoke current in most of the cells. The swelling-induced current 
increased proportionally with the osmolality gradient and reached a plateau at 
around 120 mosM. 
The swelling-induced conductance was mainly Cl_ selective since the major 
permeable ion was CI" with K+ replaced with NMDG+. The change in reversal 
potentials obtained under different CI" gradients agreed well with the expected values 
calculated from the Nernst equation. In addition, putative CI" channel blockers such 
as NPPB, DPC and DIDS were shown to inhibit the current. 
The I-V relationship of the swelling-induced current was outwardly rectifying 
at the instantaneous level while it was linear at the steady-state level. The latter 
phenomena may be due to the time-dependent inactivation at depolarizing voltages. 
This feature of the I/V relationship has also been observed in other cell types 
(Schultz, Hudson and Lapointe, 1985; Worrell, Butt, Cliff and Frizzell, 1989; Chan, 
Goldstein and Nelson, 1992; Sole and Wine, 1991). In all these cells studied, DTDS 
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caused a voltage dependent blockage with the blocking effect greater at depolarizing 
voltages. Although NPPB was found to block the swelling-induced C1' current in the 
rat epididymal cells, it was found to be ineffective in blocking the swelling-induced 
current in other cells such as kidney cell line HT29. 
In most cells, Ca2+ and cAMP have been proposed to be the second 
messenger mediating the swelling-induced currents (Foskett and Melvin, 1989; 
Hoffmann, Simonsen and Lambert, 1984). However, in the rat epididymal cell, the 
swelling-induced CI" conductance has characterestics different from those induced by 
cAMP and Ca2+. These were seen in the ion selectivity, I-V relationship and 
kinetics of current activation. The additive effect of the swelling-induced current 
with either the Ca2+- or cAMP-activated current further supports the contention that 
these pathways are distinct and independent. In a study by Leung and Wong (Leung 
and Wong, 1993)，the intracellular Ca2+ concentration of the rat epididymal cells 
was shown to increase when subjected to hypotonic challenge. Ca2+ may play a role 
in stimulating the K+ current. An increase in K+ current during regulatory volume 
decrease (RVD) would hyperpolarize the membrane hence enhance chloride exit by 
increasing the number of active CI" channels or their open probability (Worrell, Butt, 
Cliff and Frizzell, 1989). 
Activation of the swelling-induced anion conductance may be a way for the 
epididymal cells to regulate their volume in vivo. The epididymal cells accumulate 
carnitine and inositol in the lumen of the epididymis (Cooper, 1986). The transport 
of these organic solutes into the cells leads to an increase in osmolarity inside the 
cells and cell swelling. The cells must regulate their volume and they do so by 
increasing their membrane conductance to anions. Similar observation was found in 
small intestinal cells (Schultz, 1989) which accumulate amino acids. These cells 
86 
� ‘ . 
regulate their volume by extruding K+ and CI" and hence water. Recently, we have 
shown that in the human epididymal cells swelling induced a CI" conductance with 
high permeablility to organic anions. It has been shown that various organic solutes 
are accumulated inside the epididymal cells by active uptake steps in the basolateral 
membrane (Cooper, 1986). Accumulation of these organic solutes will lead to cell 
swelling. If the non-selective conductive pathways are unilaterally placed in the apical 
membrane, then activation of these pathways by cell swelling would result in the 
vectoral (from blood to lumen) transport of these substances. It has been shown that 
various organic solutes, viz, choline and carnitine are accumulated in the epididymal 
lumen to a high concentration (Cooper, 1986). 
In conclusion, this study has revealed three different conductive pathways for 
choride that exist in the epididymal cells. Each conductance has its unique 
characterestics and can be activated by different second messengers or upon cellular 
swelling. They may work together in concert to provide an optimal environment for 
sperm maturation and storage. 
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